Abstract: Intrinsic dynamics of proteins are known to play important roles in their function. In particular, collective dynamics of a protein, which are defined by the protein's overall architecture, are important in promoting the active site conformation that favors substrate binding and effective catalysis. The primary sequence of a protein, which determines its three-dimensional structure, encodes unique dynamics. The intrinsic dynamics of a protein actually link protein structure to its function. In the present study, coarse-grained normal mode analysis was performed to examine the intrinsic dynamic patterns of 24 different enzymes involved in primary metabolic pathways. We observed that each metabolic enzyme exhibits unique patterns of motions, which are conserved across multiple species and functionally relevant. Dynamic cross-correlation matrices (DCCMs) are visibly identical for a given enzyme family but significantly different from DCCMs of other protein families, reinforcing that proteins with similar function exhibit a similar pattern of motions. The present work also reasserted that correct identification of unknown proteins is possible based on their intrinsic mobility patterns. 
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In the present work, the intrinsic dynamics of enzymes from 24 different families, which are involved in key metabolic pathways, were analyzed. The goal of this study is to better understand the connection between intrinsic dynamics and enzymatic function. As each enzyme exhibits a unique pattern of motions, these intrinsic dynamic patterns can be used to characterize the function of unknown proteins. This work demonstrates that (i) dynamic-based functional characterization is a highly reliable method and (ii) computationally less expensive coarse-grained normal mode analysis (NMA) is extremely useful to explore intrinsic dynamics of a vast number of proteins in relatively short duration of time. Overall, this work reasserted the importance of dynamics in protein function and suggested that coarse-grained NMA could be used for protein identification and classification. These findings can be applied by researchers working in the fields of protein chemistry and enzymology.
Introduction
Proteins play crucial roles in nearly all biological processes. Each protein has a primary amino acid sequence that dictates the tertiary structure of the protein, and ultimately determines the protein's overall function. In other words, the amino acid sequence → structure → function relationship exists for proteins and enzymes. Although the static structure of proteins is commonly correlated with their function, proteins are intrinsically dynamic in nature, and their internal motions, over a wide-range of timescales, assist their function. In fact, it has been suggested that the protein's dynamics is the fundamental link between its structure and function (Hensen et al., 2012) . However, the local dynamical character of an enzyme active site does not alone produce the functionally/catalytically competent state necessary to perform the protein's biological function. In fact, the whole protein's dynamism is essential for its overall function. Several studies revealed the influence of protein dynamics on enzyme catalysis, substrate binding, allosteric signal propagation, and protein-protein interactions (Agarwal, 2005; Agarwal, Billeter, Rajagopalan, Benkovic, & Hammes-Schiffer, 2002; Bhabha et al., 2011; Chennubhotla & Bahar, 2007; Chennubhotla, Yang, & Bahar, 2008; Eisenmesser et al., 2005; Hammes-Schiffer & Benkovic, 2006; Klinman & Kohen, 2013; Lisi & Patrick Loria, 2016; Liu et al., 2016; Singh, Francis, & Kohen, 2015; Vöhringer-Martinez & Dörner, 2016; Zen, Micheletti, Keskin, & Nussinov, 2010) . In addition, it has been observed that the dynamics of residues that are not directly involved in catalysis are also important for enzyme function (Roston, Kohen, Doron, & Major, 2014; Tousignant & Pelletier, 2004) .
For a majority of known protein sequences and structures, functional information is lacking (Erdin, Lisewski, & Lichtarge, 2011) . To date, the functional classification of proteins has been largely dominated by sequence-or structure-based methods. However, both methods have strict limitations. Sequence-based methods are limited due to evolutionary divergence, as a protein structure is more likely to remain conserved than its sequence (Chothia & Lesk, 1986) , and effective sequence homology requires a minimum of 40% identity over significant portions of the sequence (Devos & Valencia, 2000; Hensen et al., 2012; Park, Teichmann, Hubbard, & Chothia, 1997; Whisstock & Lesk, 2003) . Structure-based methods have revealed more direct functional relationships when coupled with sequence data. Unfortunately, structure-based prediction methods are limited due to diverse structures possessing similar functions or similar structures carrying out a diverse range of functions. Structure-based methods alone do not produce reliable functional predictions (reliability ≤ 30%) (Hensen et al., 2012) . Hensen et al. (2012) found that the intrinsic dynamics of a protein provide a more accurate depiction of protein function due to the large correlation between protein dynamics and function. They observed that functionally similar proteins tend to exhibit similar dynamic patterns and thereby, protein functional annotations could be accomplished based on dynamics (Hensen et al., 2012) . Their work demonstrated that the functional classification of proteins based solely upon protein dynamics has a success rate of 46% within the broad functional classes, which is much higher than the structure-based prediction rate of 32%. Other researchers have also explored protein dynamics-function relationships by performing dynamics-based comparisons of proteins (Micheletti, 2013; Munz, Lyngsø, Hein, & Biggin, 2010; Pandini, Mauri, Bordogna, & Bonati, 2007; Tobi, 2013) . Here, we have explored the dynamics of enzymes involved in some important metabolic pathways in an attempt to further our understanding of the relationships between protein structure, dynamics, and function.
Earlier, Hensen et al. have performed long timescale (100 ns) atomistic molecular dynamic (MD) simulations and derived 34 dynamic descriptors to characterize dynamics of proteins (Hensen et al., 2012) . Picosecond to nanosecond timescale atomic fluctuations can be simulated using all-atom MD simulations, and important information about functional dynamics could be obtained. Unfortunately, it is computationally expensive to investigate functionally significant displacements occurring in microsecond to millisecond timescale using MD simulations. Alternatively, normal mode analysis (NMA) can be utilized to examine protein dynamics at a slower timescale (Bahar & Rader, 2005; Hinsen, 1998; Hinsen, Thomas, & Field, 1999) . Both low-frequency vibrations that represent the protein's collective motions as well as the higher frequency vibrations, which represent local deformations, can be studied by NMA. Earlier studies have shown that low-frequency vibrational modes or normal modes (large fluctuations) of proteins are functionally relevant (Brooks & Karplus, 1983; Go, Noguti, & Nishikawa, 1983; Marques & Sanejouand, 1995) . Despite a few limitations such as local fluctuations upon substrate binding being poorly captured by the coarse-grained NMA simulations (Strom, Fehling, Bhattacharyya, & Hati, 2014) , NMA is not limited by the system size and can be used to analyze functionally relevant conformational dynamics from protein structure, making it an incredibly powerful method of analysis. Additionally, the NMA method that employs course-grained elastic network model (ENM) offers a dependable yet computationally inexpensive way to evaluate large displacements (conformational changes) of proteins comprised of thousands of residues (Frank & Agrawal, 2000; Strom et al., 2014; Tama & Brooks, 2005; Weimer, Shane, Brunetto, Bhattacharyya, & Hati, 2009 ).
In the present study, ENM-based coarse-grained NMA was employed to characterize intrinsic dynamics of metabolically relevant enzymes and formulate a protein functional characterization method emphasizing dynamical importance. The dynamics of 24 enzymes involved in primary metabolic pathways were studied and sequence, structure, and dynamic similarities were calculated across six species to determine the degree of conservation of sequence, structure, and dynamics within a protein group. We examined the relationship among these three properties, as well as developed a catalog of dynamic cross-correlation matrices (DCCMs). We then attempted to match a set of proteins to the catalog of DCCMs for their functional identification. The present study demonstrated that each metabolic enzyme exhibits unique patterns of motions, which are conserved across multiple species; proteins with similar function exhibit a similar pattern of motions. Moreover, this work also demonstrated that the coarse-grained NMA is a faster method to develop proteinspecific DCCMs, which could be used for functional characterization. Also, it is established from our study that dynamic-based functional characterization is highly predictable. This study could be extended to include all known protein families and generate a database of DCCMs of proteins for functional annotation.
Methods

Protein sequences and structures
Twenty-four proteins from common metabolic pathways, as listed in Table 1 , were selected from the Protein Data Bank (PDB) (Berman et al., 2000) based upon structural data availability. We attempted to select proteins from six different species for which crystal structures are known. Also, proteins were screened for similar amino acid chain length. A total of 141 proteins were considered in this study because only 5 crystal structures were available for 3 of the 24 protein families. The symmetry and stoichiometry analyses revealed that all but one of the selected protein families are homopolymers. Therefore, a single polypeptide chain (chain A) was chosen to compare the sequence and structure, as well as intrinsic dynamics between proteins (from different species) within a given family. For the heterodimer protein, succinyl-CoA synthetase, both chains were used. In the present (Continued) study, structures of proteins were visualized using the Visual Molecular Dynamics (VMD) program (Humphrey, Dalke, & Schulten, 1996) .
Sequence comparison
The sequence identity of proteins in each group was examined. These pairwise sequence alignments were carried out with the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) , which aligns two sequences and provides the percentage of identical residues. The sequence identity is the percentage of identical residues between protein sequences being compared. A mean and standard deviation was calculated for each protein group.
Structure comparison
The pairwise DaliLite server (Holm & Rosenstrom, 2010) was used to determine the degree of structural similarity between two proteins. Pairwise structural alignments were performed between all proteins of a given group. Root-mean-square deviation (RMSD) was used to address structural (protein backbone) comparison, which represents the variation of a particular locus between two superimposed structures. The mean and standard deviation of the sample were calculated for each protein group.
Single and comparative NMA
In the coarse-grained ENM, developed by Hinsen, Petrescu, Dellerue, Bellissent-Funel, and Kneller (2000) , the protein is simplified to a string of beads, where each bead represents a C α atom. The interactions between C α atoms are expressed as a harmonic pair potential as follows:
where r i and r j are the positions of residues i and j in the current conformation of the protein, and the superscript 0 denotes the equilibrium conformation; k ij is the force constant for the spring connecting residues i and j. The force constant k ij is distance dependent and expressed as
Protein group Organism PDB ID Length
Methionine adenosyltransferase (biosynthesis of S-adenosylmethionine)
Escherichia coli 1FUG 383
Burkholderia pseudomallei 3IML 399
Mycobacterium avium 3S82 407
Rattus norvegicus 1QM4 396
Homo sapiens 2P02 396
Entaoeba histolytica 3SO4 415
Pantothenate synthetase (coenzyme A biosynthesis)
Thermotoga maritima 2EJC 280
Mycobacterium tuberculosis 2A86 300
Thermus thermophilus 1UFV 276
Escherichia coli 1IHO 283
Staphylococcus aureus 3AG5 283
Yersinia pestis 3Q10 287
Alkaline phosphatase (signal transduction)
Homo sapiens 1EW2 513
Rattus norvegicus 4KJG 488
Vibrio sp. G15-21 3E2D 502
Pandalus borealis 1SHN 478
Halobacterium salinarum 2X98 431 Table 1 .
(Continued)
Note: The metabolic pathway(s) in which these enzymes are involved is given in parentheses.
where a, b, c, and d are determined by fitting the equation to an all-atom model as discussed by Hinsen et al. (2000) and Tiwari et al. (2014) . The overall potential of the system, which is the sum of the pair potential over all pairs, is expressed as follows:
Eigenvectors and eigenvalues of the mass weighted matrix of the second derivative of U(r) correspond to normal modes and the squares of the frequencies for each normal mode, respectively . In the present study, normal mode calculations were carried out using the WEBnm@ server Hollup, Salensminde, & Reuter, 2005; Tiwari et al., 2014) . WEBnm@ uses a molecular modeling toolkit and employs the coarse-grained ENM to calculate the low frequency normal modes. Individual PDB files were submitted to the online WEBnm@ server (Hollup, Fuglebakk, Taylor, & Reuter, 2011; Hollup et al., 2005; Skjaerven, Hollup, & Reuter, 2009; Tiwari et al., 2014) for single NMA analysis. The correlated/anticorrelated motions between residues (C α atoms) were identified from the DCCMs. The DCCM was calculated from the normal modes using the method described by Ichiye and Karplus (Ichiye & Karplus, 1991) . Each element in the DCCM quantifies the coupling between two C α atoms i and j as:
In Equation (3), X m and Y m represent eigenvectors and eigenvalues of the mth normal mode, respectively. In the present study, the DCCMs were obtained using the default setting of WEBnm@ i.e. the combined 200 modes were used to generate each DCCM. The DCCMs of the 24 protein families were compared and a catalog of all DCCMs was assembled for identification of unknown (test) proteins. The single WEBnm@ analysis also provides atomic (C α atoms) fluctuation profiles (vide infra) and vector coordinates files, which allow for the visualization of the protein's dynamics in different modes. In WEBnm@, modes 1-6 correspond to the rotational and translational motions and are ignored. Therefore, mode 7 actually represents the lowest frequency mode of a protein system. The comparative NMA was performed for each enzyme to examine the conservation of dynamics across species (Fuglebakk, Echave, & Reuter, 2012) . In the present study, dynamics of a given enzyme from five to six different species were compared. Aligned FASTA sequence (See Supplementary  Table S1 ) and corresponding PDB coordinate files of each protein group were used for the comparative NMA (Sievers et al., 2011) . From the comparative analysis, the dynamic similarity, in terms of Bhattacharyya coefficient (BC) (Bhattacharyya, 1943) , as well as the heat map showing the theoretical evolutionary relatedness between proteins solely based upon their intrinsic dynamics were obtained.
Bhattacharyya coefficient
The BC measures the dynamical similarity between proteins by comparing their covariance matrices, which are obtained from the normal modes of the conserved parts of proteins under consideration . The BC calculations were performed following the method described by Tiwari et al. (2014) . The BC ranges from 0 to 1, and represents the amount of overlap between the collective dynamics of the aligned proteins; BC of 1 represents maximum overlap or dynamical similarity between proteins. For a given protein group, the average BC with the sample standard deviation is calculated for comparative purposes.
The C α atom fluctuations
The normalized squared C α atom fluctuations for each protein were calculated as the sum of the displacement of each C α atom along the lowest modes . The fluctuations are the sum of the atomic (C α atoms only) displacements in each mode weighted by the inverse of their corresponding eigenvalues. In the present study, the default setting of WEBnm@, which includes the first 200 modes, was used. The x-axis of a fluctuation profile represents residue index in the protein sequence, while the y-axis represents the normalized displacement corresponding to each amino acid. Peaks in the fluctuation profile correspond to flexible regions of proteins.
Root-mean-squared inner product
For quantitative comparison of atomic (C α atoms) fluctuations between proteins, the RMSIP was computed for the lowest normal modes using the following equation as described in Amadei, Ceruso, and Di Nola (1999), Carnevale, Pontiggia, and Micheletti (2007) , Fuglebakk et al. (2014) , Tiwari et al. (2014) and Yang, Song, Carriquiry, and Jernigan (2008) : where X i and Y j represent the eigenvectors of a pair of proteins being compared and i and j represent the mode numbers. In the present study, the default setting of WEBnm@, which includes the first 10 lowest energy nontrivial modes (Amadei et al., 1999; Tiwari et al., 2014) , was used. The RMSIP values range from 0 to 1; RMSIP of 1 represents maximum similarity in C α atom fluctuations between proteins being compared.
Identification of test proteins
PDB coordinate files of 12 separate proteins, which either belong to one of the 24 protein groups included in the present study or were randomly chosen proteins, were selected from the PDB. The coordinate files of these proteins were modified to remove any identifying evidence, leaving only the Cartesian coordinates of each atom in the PDB file to run a single NMA analysis. The DCCMs of these test proteins were then compared to the catalog of DCCMs (obtained from the NMA of 24 protein groups) in an attempt to correctly match a test protein to a known protein group for functional identification. Wherever possible, quantitative analyses were performed using the comparative NMA analysis option of WEBnm@. The comparative analysis provides the extent of dynamic similarities between proteins in terms of BC and RMSIP values. 
Results and discussion
Protein sequences and structures
A total of 141 protein sequences and structures were collected from the PDB files. The proteins are from metabolic pathways including glycolysis, gluconeogenesis, fermentation, the citric acid cycle, and the urea cycle (Table 1) . These 24 protein groups along with the name of organisms, PDB codes, and the number of amino acids in polypeptide chain A are listed in Table 1 . Each protein group has six different organisms associated with it, with three exceptions; arginase, phosphoglycerate kinase, and ornithine transcarbamoylase, which only have five structures. Each protein group possessed a similar number of residues per chain. 
2P02 1FUG
1QM4 3IML
3S82 3SO4
Residue Index
Residue Index
Note: The overall pattern remains consistent across all species within the group, apart from minute differences that are barely visible to the naked eye. 
Sequence comparison
The sequence identities between proteins of a given family are computed and listed in Table 2 . The sequence identities range from about 24 to 61% with an average of 46% among all protein groups. Nine of the protein families had sequence identities greater than 50%, which means that the individual protein structures have at least 90% of their residues within the common cores (Chothia & Lesk, 1986) . For the other 15 protein families with sequence identities between 20 and 50% are found to have 42-98% of individual protein residues within the common cores (Chothia & Lesk, 1986) .
Table 3. (Continued)
Note: Chain A of all enzymes were used for generating DCCMs and heat maps, except for succinyl-CoA synthetase, which has both chain A and chain B.
Structure comparison
The RMSD values that represent structural similarities between proteins within an enzyme family are also shown in Table 2 . The RMSD represents the deviation between two superimposed structures. The observed RMSD values ranged from 1.0 to 3.1 Å, with the lower numbers representing more similar structures. The RMSD is usually small (<3 Å) for homologous proteins (Chothia & Lesk, 1986; Kosloff & Kolodny, 2008) . The RMSD between homologous proteins within an enzyme family studied in this work were observed to be ≤3 Å, which suggested that these homologous proteins possess considerable extent of structural similarities. For higher sequence identities, we expected to see a low RMSD for the protein group, which was satisfied (Table 2) .
The C α atom fluctuations
The fluctuation profiles for C α atoms of all 24 groups of proteins were obtained from the NMA study. The calculated normalized squared fluctuations of C α atoms matched satisfactorily with the experimental results for these enzymes. For example, the structure of the Escherichia coli methionine adenosyltransferase (MAT) (Figure 1 ) revealed a dynamic loop region shown in red (Fu, Hu, Markham, & Takusagawa, 1996) . Both the loop region (residues 100 to 112 for E. coli MAT) and the adjacent residues displayed high flexibility as observed in the normalized fluctuation (C α atoms) profile (Figure 2 ). This observation confirmed that the experimentally observed flexible regions of MAT correlate well Note: The black oval on DCCM represents the anti-correlated motions between the active site (residues 247-258) and the flexible loop (residues 101-109).
Notes: Red describes identical dynamics, and blue describes the most unrelated dynamics within the group. Cluster data is shown on the x-and y-axis, grouping 1FUG, 3IML, 3S82 together with 3IML being more similar to 1FUG than to 3S82. Similarly, 2P02, 3SO4, and 1QM4 form another cluster, with 1QM4 and 3SO4 being more related to each other than to 2P02.
with peaks in the fluctuation profile. Also, high flexibility was noticed from the active site motions, which can be seen around residues 232 to 254.
Correlated and anticorrelated motions
The single NMA for each protein within a particular group revealed strikingly similar correlation matrices. Slight differences were seen with respect to the extent of correlated and anticorrelated motions; however the overall patterns remained consistent. As an example, Figure 3 shows the six DCCM files for the MAT group. All six protein matrices appear identical, as was the case with all other protein groups. Therefore, only one representative DCCM was chosen for each enzyme group and listed in Table 3 . Because DCCMs of homomultimeric proteins revealed that each polypeptide chain displays identical patterns of motions ( Figure S1 ), only one polypeptide chain of multimeric proteins was used to represent the intrinsic dynamic patterns (DCCMs) of all protein families, except for succinyl-CoA synthetase. For succinyl-CoA synthetase, a heteromultimeric protein, both polypeptide chains were used to represent the intrinsic dynamic patterns (Table 3) . However, to examine the entire dynamical nature of a protein system and the functional relevance of those intrinsic dynamics, the other chains were also taken into account. For example, MAT (Figure 1 ) functions as a homodimer and as shown in Figure 1 , the flexible loop appears to gate the active site. The majority of the active site consists of residues 247 to 258, and the flexible loop consists of residues 101-109. Interestingly, the flexible loop shows anticorrelated motion with the active site (Figure 4 ). This anticorrelated motion suggests that the loop would open, which will allow the substrate to have proper access to the active site. The anticorrelated motion between active site pocket and the loop region also suggests that the two subunits move apart to make room for substrate molecules to enter active sites. These motions are seen across all species, suggesting that these functional dynamics have been conserved throughout MAT evolution.
Bhattacharyya coefficients
The average BC of the 24 protein groups remained remarkably consistent (Table 2) , with the lowest score of 0.73 and the highest score of 0.89, where BC of 1.0 represents the maximum similarity in dynamics of proteins used for comparison. It appears that even for the lower sequence identities and similarities, the dynamic similarity of each protein group remains relatively high. Similar observations were made in the case of the cytochrome P450 family of enzymes, where these enzymes share a strong dynamic similarity (BC > 80%) despite low sequence identity (<25%) (Dorner et al., 2015) .
In the present study, the comparison of the dynamic similarities among proteins within a group was also made. Table 3 provides a representative heat map of the BCs for each enzyme. Heat map data describe the pairwise comparison of protein structures using the Bhattacharyya coefficients, with red shading representing identical dynamics between proteins being compared, and blue shading showing the least similar intrinsic dynamics. The heat map also groups the individual proteins into clusters, based upon the relatedness of enzyme dynamics. This provides additional information to enable the investigation of protein evolution with regard to protein dynamics. For example, the heat map for the BC of MAT is shown in Figure 5 (the sequence alignment file used for dynamic comparison is shown in Supplementary Table S2 ). The cluster data is shown on the x-and y-axis, grouping the dynamics of E. coli (1FUG), B. peudomallei (3IML), and M. avium (3S82) MATs together. The dynamics of 3IML are more similar to the dynamics of 1FUG, than to the dynamics of 3S82. The dynamics of 2P02 (H. sapiens), 3SO4 (E. hystolytica), and 1QM4 (R. norvegicus) form another cluster, with 1QM4 and 3SO4 being more related to each other than to 2P02.
Functional relevance of the existing intrinsic dynamics
Close analysis of the intrinsic dynamics of the metabolic enzymes studied here revealed some functionally relevant motions, which are described below. For this study, depending upon the protein system, single or multiple polypeptide chains were considered to analyze the functional dynamics. In particular, an effort has been made to consider as many polypeptide chains as possible to maintain the dynamic integrity of the given protein system and show their functional relevance. Also, for simplicity, the C α atom displacement graph of a specific mode(s) that was functionally more relevant has been considered here. The online NMA server failed to calculate and analyze the normal modes of five enzyme families when the multimeric proteins, instead of single polypeptide chains, were used. Therefore, intrinsic dynamics and their functional relevance of 19 out of 24 enzyme systems were analyzed here. Information regarding the general enzymatic properties and catalytic roles of various enzymes studied here were taken from Biochemistry 7th Edition (Berg, Tymoczko, & Stryer, 2012) .
Citrate synthase (PDB code: 2H12; polypeptide chains A and B of the tetrameric protein were visualized for structural and dynamical analyses) is responsible for condensing acetyl-CoA and oxaloacetate to form citrate. To accomplish this, the enzyme undergoes an "open" to "closed" conformational change (Wiegand & Remington, 1986) . First, the substrate, oxaloacetate, enters the enzyme in its "open" conformation; the coenzyme, acetyl-CoA, further interacts with nearby residues in the "closed" conformation. These residues are located too far to facilitate the reaction while in the "open" state. The enzyme accomplishes this by having residues 274 to 364, in conjunction with surrounding residues, exhibit an anticorrelated motion with greater flexibility (boxes in the fluctuations plot and DCCM, Figure 6 ) to the active site and residues 423 to 436, as it opens and closes around the active site of citrate synthase. Residues 423 to 436 on both subunits are shown to interact with the opposing subunit, suggesting that these residues assist in conformational changes of each other, as well as facilitate substrate binding and catalysis.
Fumarase (PDB code: 4ADL, a tetrameric protein; in the present study chains A and B and chains C and D are visualized separately for structural and dynamical analyses) catalyzes the reversible reaction of fumarate to malate. This reaction occurs with a conformational change after the substrate enters the active site, which promotes the enzyme to transition into its "closed" conformation (Stoddard, Dean, & Koshland, 1993) . For fumarase to carry out its function, it exists as a tetramer with two active sites that interact with its substrates. However, only three of the four chains interact with each substrate (chains A, B, C and chains A, B, D interact with each substrate). For chains A and B, interactions with the substrate occur between residues 185 to 193 and 403 to 460, along with surrounding residues (red boxes in the displacement graph; Figure 6 ). These two groups of residues, 185 to 193 and 403 to 460, are also highly flexible and anticorrelated to each other, allowing for the greatest range of motion, so that the substrate can both easily diffuse in or out, in addition to binding tightly to the enzyme (boxes in DCCM, Figure 6 ). Chains C and D only interact with one of the two substrates through residues 315 to 325, which are shown in the C α atom displacement graph as having the greatest movement (blue boxes in displacement graph; Figure 6 ).
Isocitrate dehydrogenase (PDB code: 2DHT, chains A and B was visualized for structural and dynamical analyses) is a homodimeric protein that is responsible for catalyzing the oxidative decarboxylation of isocitrate. The substrate interacts with the active site of isocitrate dehydrogenase via the three arginine residues, R115, R125 and R149 as well as five other residues within the active site (arginine residues shown in green space filled spheres, Figure 6 ) (Fedøy, Yang, Martinez, Leiros, & Steen, 2007) . The two active sites of isocitrate dehydrogenase are on opposite sides of each other, meaning that when one active site is in the "open" state, the other is in its "closed" state conformation (Figure 6 ). The C α atom displacement graph of isocitrate dehydrogenase shows general fluctuations throughout the whole enzyme, which is consistent to the overall motion. The active site for isocitrate dehydrogenase is unique in the fact that it is located between the two subunits. The mechanism for catalysis then relies on the concerted movement of both subunits. This is reflected by residues 150 to 196 on both subunits, that interact with each other, acting as a hinge site for both subunits to pivot around. Residues 1 to 100 (red box in displacement graph; Figure 6 ) on either chain interacts with the residues 200 to 300 (blue box in displacement graph; Figure 6 ) on the opposing chains, portraying a pincer-type mechanism around the active site by moving in an anticorrelated motion to each other (DCCM, Figure 6 ).
Malate dehydrogenase (PDB code: 4CL3; chain A of the tetrameric protein was visualized) has the role of converting malate to oxaloacetate. To do so, the enzyme is comprised of two or four chains, forming a homodimer or homotetramer complex that moves anticorrelated to each other. Malate dehydrogenase has a highly flexible loop between residues 80 and 90 ( Figure 6 ) that opens and closes around the active site, allowing entry and exit of reactants and products as well as excludes surrounding solvents during the reaction. This flexible loop region is highly conserved within malate dehydrogenases, emphasizing its importance in catalysis (Goward & Nicholls, 1994) . The overall observed anticorrelated movement within a chain appeared to be quite weak because the chain revolves in a circular pattern, making the cross-correlation map appear whiter (DCCM, Figure 6 ). There is a weak anticorrelated motion between residues 1 to 75 and residues 80 to 90, since they are on opposing sides due to the enzyme's helical movement (boxes in DCCM, Figure 6 ).
Succinyl-CoA synthetase (PDB code: 1CQI; visualized chains A and B only for structural and dynamical analyses) is a heterotetramer made up of two identical heterodimers. The role of the enzyme is to convert succinyl-CoA to succinate. This reaction is carried out through two different binding pockets, one on each distinct subunit within a heterodimer (Wolodko, Fraser, James, & Bridger 1994) . Chain A contains the succinyl-CoA binding pockets, while chain B contains the ATP/ GTP binding pockets. For succinate to form, ADP needs to be present in the binding pocket of chain A. The enzyme accommodates this by having chain A and chain B rotate in an anticorrelated motion to each other (DCCM, Figure 6 ), allowing ATP to become closer to the chain A, which is responsible for dephosphorylating ATP to ADP and the reaction to occur.
Alcohol dehydrogenase (PDB code: 6ADH; both subunits of the dimeric protein were visualized for structural and dynamical analyses) is a homodimeric protein with one active site on each identical subunit. Alcohol dehydrogenase undergoes a conformational change, not in the presence of alcohols, but rather the coenzyme NAD (Eklund et al., 1976) . Within each subunit, there is a highly flexible loop between residues 240 and 250 that interacts with the active site of the enzyme, indicative of a lid-type mechanism (boxes in C α atom displacement graph, Figure 6 ). The loop and surrounding residues move in an anticorrelated motion (DCCM, Figure 6 ). This anticorrelated motion results in a wide opening that allows substrate binding and catalysis.
Enolase (PDB code: 1IYX; both subunits of the dimeric protein were visualized for structural and dynamical analyses) is an enzyme that is part of the glycolysis pathway, converting 2-phosphoglycerate to phosphoenolpyruvate. The mechanism for this reaction is rather simple. Enolase has a very generic opening and closing motion, using flexible loops to interact with the active site (Lebioda & Stec, 1991) . The first set of residues, residues 1 to 140, move in an anticorrelated motion with the other residues, residues 141 to 300 (boxes in DCCM, Figure 6 ). Residues 250 to 255 have the greatest flexibility (boxes in C α atom displacement graph, Figure 6 ), suggesting a lid-type mechanism protecting the substrate in the active site. This simple motion is needed for fast turnover rates in the glycolysis pathway to supply the organism with energy.
Fructose 1-6 bisphosphate aldolase (PDB code: 2FJK; visualized chains A and B of the tetrameric protein) catalyzes the reversible step in glycolysis that converts fructose 1,6-bisphosphate, which is a six carbon molecule, into dihydroxyacetone phosphate and glyceraldehyde 3-phosphate, which are both three carbon molecules. Fructose 1-6 bisphosphate aldolase is a homotetramer with four identical active sites, one within each monomer. The monomers of the enzyme shift between an "open" and "closed" conformation (Hester et al., 1991) . Within the tetramer, chains A and B work in concert and chains C and D mirror the motions of chains A and B. Chains A, B and chains C, D have similar helix-turn-helix residues (residues 258 to 289) where they overlap with each other and with the active sites on opposing sides. This allows the overlapping helix-turn helix residues to assist each other in facilitating the conformational change from "open" to "closed". For example, when chain A opens, its helix-turn-helix moves out of the way and allows the helix-turn-helix of chain B to close, and vice versa. The overall circular motion of the enzyme takes place because residues 135 and 150 (red boxes in C α atom displacement graph, Figure 6 ) rotate with a greater range of motion than the rest of the enzyme, allowing them to act as a lid over the active site. The motion of this lid, which is constituted of residues 135 and 150, is important for substrate binding and catalysis.
Glyceraldehyde 3-phosphate dehydrogenase (PDB code: 4QX6) is an important enzyme necessary for glycolysis. This enzyme converts glyceraldehyde 3-phosphate into 1,3-bisposphoglycerate. Glyceraldehyde phosphate dehydrogenase is a homotetramer made up of 4 identical subunits, each with their own active sites. Although they are identical subunits, each chain interacts differently with each other. Interactions between chains A and B are mirrored by chains C and D, while interactions between chains A and C are mirrored by chains B and D. The openings of the active site pockets on chain A and chain B overlap, so the opening and closing of both chains occur simultaneously. Additionally each chain has a loop within residues 299 to 307 that interacts with the same residues in another chain (chains A, C and chains B, D), that further facilitates this simultaneous open and closing motion required for substrate binding (Lin et al., 1990) .
Hexokinase (PDB code: 1BDG; the monomeric protein is visualized) is the first enzyme in the glycolysis pathway and also catalyzes the rate limiting reaction for glycolysis. The enzyme is responsible for converting glucose to glucose-6-phosphate, using one molecule of ATP in the process. The enzyme is a monomer with one active site where the enzyme opens and closes with a hinge like motion around the substrate. The flexibility of the enzyme allows the residues 50 to 260 (red boxes in C α atom displacement graph, Figure 6 ) to move anticorrelated with the rest of the enzyme to ensure a tight "closed" conformation and the loose "open" conformation (boxes in DCCM, Figure 6 ). This flexibility assists in the mechanism of the enzyme to tightly bind the substrate and prevent wasteful hydrolysis of ATP (Bennett & Steitz, 1978) .
Phosphoglycerate kinase (PDB code: 1PHP) is a monomeric protein that is responsible for catalyzing the transfer of phosphate group from 1,3-biphosphoglycerate to ADP in order to form 3-phosphoglycerate and ATP. The two substrates bind in two separate pockets of phosphoglycerate kinase. The ADP binds at the site formed by residues 181 to 384, whereas the second binding pocket is formed by residues 1 to 180, which binds 1,3-biphosphoglycerate. After both substrates are bound, it allows the enzyme to undergo a conformational change in an anticorrelated rotating motion that brings the two substrate binding sites close enough for the catalysis to take place, as well as to exclude water molecules to prevent unwanted ATP hydrolysis (Banks et al., 1979) .
Phosphoglycerate mutase (PDB code: 1YFK; visualized chains A and B of dimer for structural and dynamical analyses) is involved in glycolysis and is responsible for catalyzing the transfer of a phosphate group from C 3 to C 2 to form 2-phosphoglycerate from 3-phosphoglycerate. Phosphoglycerate mutase is a homodimer with two identical active sites within each subunit that allows phosphate and 3-phosphoglyceric acid to bind (Winn Watson, Harkins, & Fothergill 1981) . The enzyme catalyzes the transfer of a phosphate group from a specific histidine residue, to the C 2 carbon, taking the phosphate from the C 3 carbon of the 3-phosphoglycerate, through a formation of a 2, 3-bisphosphoglycerate intermediate. At the active site of phosphoglycerate mutase, is a very flexible loop (residues 100 to 125) that moves in an anticorrelated motion to the rest of the active site, acting like a lid (boxes in C α atom displacement graph, Figure 6 ). The anticorrelated movement of the lid allows the entering of substrate and exiting of product from the active site.
Pyruvate decarboxylase (PDB code: 1QPB; chains A and B of tetramers were visualized for structural and dynamical analyses) catalyzes the last step in glycolysis where phosphoenolpyruvate is converted into pyruvate. Pyruvate decarboxylase is a homotetramer with identical active sites within each subunit (Lu, Dobritzsch, Baumann, Schneider, & König, 2000) . For catalysis, a pair of subunits, A and B functions together as residues 1 to 194 and 351 to 560 of opposing chains anchor to each other. This allows residues 195 to 350 to have greater movement and flexibility since the rest of the enzyme is stationary. Residues 195 to 350 then move anticorrelated to the other residues allowing it to open and close around the active site of the enzyme. This suggests that residues 195 to 350 can act as a lid mechanism to the active site (boxes in the C α atom displacements, Figure 6 ).
Pyruvate kinase (PDB code: 3SRF; chains A and B of the tetramers were visualized for structural and dynamical analyses) catalyzes the final step in glycolysis. The enzyme has identical active sites within each subunit of its homotetramer, where it catalyzes the conversion of phosphoenolpyruvate into pyruvate. A lid-type mechanism is employed by each subunit to allow for the catalysis to occur (Mattevi, Bolognesi, & Valentini, 1996) . Residues 117 to 217 (boxes in C α atom displacement graph, Figure 6 ) are highly flexible as they move from an "open" to "closed" conformation relative to the active site, as shown in the box in the C α atom displacement graph. The DCCM (see regions in boxes) further shows that residues 117 to 217 are involved in an anticorrelated motion with respect to the rest of the enzyme to have the greatest movement during its conformational changes.
Triose phosphate isomerase (PDB code: 8TIM; both chains of the homodimer were visualized) catalyzes the reversible interconversion of different triose phosphate isomers. Triose phosphate isomerase exists as a homodimer with identical active sites within each subunit. The mechanism of catalysis is indicative of a pincer-type mechanism, with loops opening and closing over the active site (Davenport et al., 1991) . Residues 170 to 220 of the enzyme open and close around the active site, and move in an anticorrelated motion to the rest of the enzyme (boxes in the DCCM, Figure 6 ). This anticorrelated motion alone does not capture the full catalytic mechanism, as the displacement graph shows a general flexibility exists throughout the whole enzyme to assist in catalysis.
Phosphoenolpyruvate carboxykinase (PDB code: 1OS1; only chain A was visualized) catalyzes the reaction from oxaloacetate to phosphoenolpyruvate (PEP) and CO 2 . PEP carboxykinase does this by employing an induced-fit mechanism. The enzyme opens and closes around the substrates, oxaloacetate and ATP, taking on a different conformation in the presence of ATP (Dunten et al., 2002) . In doing so, the enzyme is able to exclude water molecules that could potentially hydrolyze ATP. This mechanism also allows residues on the enzyme that could not originally reach the active site to interact with the substrates and favor catalysis. Residues 442 to 510 (box in displacement graph, Figure 6 ) and surrounding residues move anticorrelated with the active site and the rest of the enzyme, as shown in the DCCM (Figure 6 ).
Argininosuccinate synthetase (PDB code: 1J1Z; all four chains of the tetrameric protein were visualized for structural and dynamical analyses) catalyzes the synthesis of arginosuccinate, which is a necessary precursor for arginine and fumarate. Arginosuccinate synthetase is a homotetramer with identical active sites within each subunit. The motion of the enzyme is indicative of a lid-type mechanism with "open" and "closed" conformations, depending on substrate presence around the active site (Lemke & Howell, 2001) . Residues 1 to 165 show a greater range of flexibility (boxes in C α atom displacement graph, Figure 6 ) as it moves in an anticorrelated motion to the rest of the enzyme and active site (black square boxes in DCCM, Figure 6 ) to assist in the "open" and "closed" conformations of the enzyme.
Ornithine transcarbamylase (PDB code: 4OH7; chains A and B of the homotrimer were visualized for structural and dynamical analyses) is an enzyme necessary to catalyze the reaction between carbamoyl phosphate and ornithine to form citrulline. Visualization of the structure suggests that the two subunits have little interaction with one another. Overall, ornithine transcarbamylase is very flexible and the mechanism of catalysis is quite simplistic, where half the residues, residues 150 to 280, move in an anticorrelated motion to the rest of the enzyme (black square boxes in the DCCM, Figure 6 ). This indicates that the enzyme has a pincer-type mechanism around the active site, which might favor substrate binding and product release (Allewell, Shi, Morizono, & Tuchman, 1999) .
Pantothenate synthetase (PDB code: 2A86; both chain A and chain B of the dimer were visualized for structural and dynamical analyses) functions as a homodimer with identical domains and active sites where it carries out the catalysis of pantothenate from condensation of pantoate and β-alanine. Pantothenate synthetase also has a flexible active site cavity to allow substrate and product entry and exit to assist catalysis (Wang & Eisenberg, 2003) . The dynamics of pantothenate synthetase exhibit a circular motion where all the domains rotate back and forth around the active site, which allows residues 200 to 290 to rotate with a greater extent of flexibility (boxes in displacement graph, Figure 6 ), to dictate the opening and closing of the active site. This lid-type mechanism of residues 200 to 290 is further confirmed based on its anticorrelated motion with the rest of the enzyme and active site, which lies within residues 30 to 50 (black square boxes in DCCM, Figure 6 ).
Identification of test proteins
A set of 12 proteins (test No. 1-12) were used to examine if dynamic features of a protein could be used for its functional identification. Six of them (test No. 1-6) belong to the protein families reported in Figure 7 but are from different species, and six of them (test No. 7-12) were chosen randomly. Using the Cartesian coordinates of these 12 proteins, DCCMs from single NMA were obtained and compared with the catalog of DCCMs reported in Table 3 . We were able to correctly identify six proteins (test No. 1-6) by simple comparison of DCCMs. The test proteins No. 1-6 were matched to phosphoglycerate kinase, pyruvate kinase, enolase, arginase, fumarase, and amine oxidase, respectively (Figure 7) . A difference in the extent of correlation/anticorrelation can be seen in some cases such as in test protein No. 4 and arginase, while the DCCMs for test protein No. 6 and amine oxidase appear nearly identical. As expected, the DCCM of the six proteins, which is chosen randomly, did not match with any of the DCCMs reported in Table 3 , suggesting that they belong to different families of proteins. As these test proteins (No. 7-12) exhibit different patterns of motions (Table S3) compared to the 24 proteins studied here, they must also possess different function. For example, we observed that aminoacyl-tRNA synthetases (Warren et al., 2014) and cytochrome P450 enzymes (Dorner et al., 2015) display very unique patterns of motion, and their functions are distinctly different from the set of proteins considered in the present study.
Conclusion
The NMA study of 24 important enzymes has demonstrated that each enzyme has signature dynamic patterns and the intrinsic dynamics of proteins are conserved across species, from simple organisms like E. coli to the complex H. sapiens. As expected, it was observed that for a given family of proteins, as protein sequences and structures become more similar, the protein dynamics become more related as well. We successfully created a catalog of DCCMs for the 24 protein groups. These patterns are unique to each protein and have the potential to act as fingerprints of identification for unknown proteins. This catalog of intrinsic dynamics assisted us in the correct identification of six test proteins. These test proteins were successfully identified solely by comparing their respective dynamical patterns. Similar attempt to compare DCCMs of proteins was made earlier for dynamic comparison of proteins (Munz et al., 2010) . However, Munz et al. have performed MD simulations and essential dynamic analysis to develop and compare DCCM of proteins. The present approach of using coarse-grained normal mode simulation is relatively faster than MD simulation-based protein dynamic comparison and could be useful for functional identification of uncharacterized proteins. Currently, one of the main challenges in the study of the proteome is the lack of an effective and timely method of protein function identification. A majority of known protein sequences and structures have remained largely unidentified. The Protein Structure Initiative (PSI), established in 2000 by the National Institutes of General Medical Sciences, resulted in thousands of structures of proteins whose functions remain unknown. Experimental investigation of protein function is costly and time-consuming. Here we have presented a computational method for predicting protein function. Coarse-grained NMA is a fast approach and effective way to identify and characterize the function of unknown proteins. Although coarse-grained NMA has some limitations, as it provides less detailed information about the local fluctuations compared to that obtained from all-atom NMA or MD simulations , the method is very useful for establishing this unique dynamical fingerprint, and it only requires the PDB coordinates of a protein. Therefore, this work could be extended to the greater scope of identifying the function of uncharacterized proteins.
In the present study, DCCMs of various proteins were only visually compared; however the advancement of computational analytical methods opens the possibility of an online catalog of dynamics. This study could be extended to include more metabolic enzymes and proteins from various functional classes. For the future, we anticipate the use of NMA and the role of protein dynamics to play a larger part in protein identification and classification. 
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